The ability to recognize and avoid noxious stimuli is essential for survival. The factors that determine whether a given stimulus is considered positive or negative are complex and not fully understood. In this issue of the JCI, Klawonn and colleagues demonstrate that melanocortin 4 receptor (MC4R) signaling is critical for proper responses to negative stimuli. Mice lacking MC4R were shown to have a surprising preference for aversive stimuli compared with WT animals. Moreover, the authors provide evidence that avoidance behaviors are mediated by hypothalamic POMC neurons signaling to striatal dopamine D1 receptor-expressing medium spiny neurons. Together, these results provide important insight into the regulation of responses to aversive stimuli.
To avoid or to approach?
Successful navigation of a given environ ment requires necessary avoidance of noxious stimuli and the recognition and approach of positive stimuli. Complex computations are involved in determining whether novel environmental stimuli are positive or averse (assigning valence) and in coordinating the appropriate escape or approach behaviors; therefore, a better understanding of how stimuli are deemed attractive or noxious is a subject of much interest. An important question in this regard is whether single brain systems respond to rewarding and aversive stimuli along a continuum or separate systems discretely encode rewarding and aversive stimuli, with interactions between these opposing systems influencing the selection of appropriate behavioral strategies. In this issue, Klawonn and colleagues (1) provide evidence that supports a two-system mechanism for avoiding noxious stimuli. Surprisingly, this study suggests that deficits in brain-aversion systems regulated by the melanocortin 4 receptor (MC4R) can reverse the valence of otherwise noxious stimuli such that animals will seek out and approach these threatening stimuli as if they were rewarding. Targeting the MC4R could therefore have important clinical applications for disorders characterized by maladaptive responses to threatening stimuli.
MCR4 regulates response to aversive stimuli
Two populations of neurons in the arcuate nucleus of the hypothalamus, one that synthesizes the neuropeptides agouti-related peptide (AgRP) and neuropeptide Y (NPY) and one that synthesizes proopiomelanocortin (POMC), are known to exert opposite controls over the foraging and consumption of food. These neurons project to the paraventricular nucleus of the hypothalamus, where melanocortin released from POMC neurons activates MC4R to inhibit feeding behaviors and AgRP acts as an inverse agonist at the MC4R to stimulate feeding. POMC and AgRP neurons project to other brain regions, including the striatum, but less is known about their actions outside the hypothalamus. Klawonn and colleagues (1) investigated the possibility that MC4R expression in the striatum can regulate the approach and avoidance of non-food-relevant environmental stimuli.
First, Klawonn et al.
(1) used mutant mice in which the MC4R-encoding gene had been genetically deleted. Unlike WT animals, Mc4r-KO mice did not avoid an environment that had been repeatedly paired with a noxious stimulus. Instead, Mc4r-KO mice spent more time in the noxious environments, while WT mice spent more time exploring an environment in which they had previously encountered a rewarding stimulus. This surprising effect was seen regardless of the type of noxious stimulus, including those that induced sickness, nausea, or pain. Moreover, WT mice showed a preference for noxious stimuli when treated with an MC4R antagonist. Other, nonapproach-related behavioral responses to noxious stimuli, such as reduced appetite, were unaffected in Mc4r-KO mice. Similarly, MC4R-deficient mice responded normally to positive stimuli, such as palatable food or cocaine. Together, these unusual observations suggest that, in the absence of MC4R signaling, the motivational valence of otherwise noxious stimuli flips; therefore, instead of avoiding threatening stimuli, MC4R-deficient mice view these stimuli to be as attractive as appetizing food.
The process of associating a rewarding stimulus with a particular environment is thought to be mediated by striatal dopamine transmission. Klawonn and colleagues, therefore, explored the possibility that, in the absence of MC4R, noxious stimuli enhance dopamine transmission in a manner similar to that of rewarding stimuli, thereby triggering maladaptive approach behavior. LPS, which induces sickness and malaise in rodents, reduced striatal dopamine levels in WT mice, but elevated dopamine levels in Mc4r-KO mice, as measured indirectly by using PET to detect dopamine-mediated displacement of [ The ability to recognize and avoid noxious stimuli is essential for survival. The factors that determine whether a given stimulus is considered positive or negative are complex and not fully understood. In this issue of the JCI, Klawonn and colleagues demonstrate that melanocortin 4 receptor (MC4R) signaling is critical for proper responses to negative stimuli. Mice lacking MC4R were shown to have a surprising preference for aversive stimuli compared with WT animals. Moreover, the authors provide evidence that avoidance behaviors are mediated by hypothalamic POMC neurons signaling to striatal dopamine D1 receptor-expressing medium spiny neurons. Together, these results provide important insight into the regulation of responses to aversive stimuli. jci. 
Concluding remarks
Together, the findings of Klawonn and colleagues provide unexpected yet compelling evidence that inputs from hypothalamic POMC neurons to striatal D1R-MSNs control avoidance of a wide range of aversive and potentially threatening stimuli. These are important findings because they identify a brain circuit that is involved in signaling aversion. Strikingly, disruption of this circuit does not render animals ambivalent to aversive stimuli. Instead, it flips the valence so that threatening stimuli become attractive. Such dopaminedependent striatal switches have been described previously in the shell region of the nucleus accumbens (5, 6). The current findings of Klawonn et al. extend these findings to the dorsal striatum and suggest that inputs from the hypothalamus play an important role in determining how the striatum codes the valence of environmental stimuli. Many unanswered questions remain, however. For example, does this MC4R-regulated avoidance circuit act in isolation or does it communiin learning about motivationally relevant environmental stimuli (2, 3) .
Next, Klawonn and colleagues investigated the cellular mechanisms by which MC4R signaling regulates reward and aversion. Medium spiny neurons (MSNs) account for approximately 90% to 95% of all neurons in the striatum and are generally segregated into two discrete populations, termed the striatonigral and striatopallidal neurons. Striatonigral neurons, also known as direct-pathway MSNs, project directly from the striatum to ventral midbrain dopamine neurons and express dopamine D1Rs (D1R-MSNs). Striatopallidal neurons, also known as indirect pathway MSNs, project indirectly from striatum to the ventral midbrain, via the external segment of globus pallidus and subthalamic nucleus, and express D2 receptors (D2R-MSNs). As D1R blockade normalized the responses of Mc4r-KO mice underlie the preference for noxious stimuli. PET imaging is a rather blunt tool for investigating the dynamics of dopamine transmission, and more precise techniques, such as in vivo microdialysis or fast-scan cyclic voltammetry, will provide better understanding of dopaminesignaling disturbances in Mc4r-KO mice. However, an advantage of PET is that it provides a striatum-wide view of dopamine transmission. Interestingly, PET imaging revealed that only a portion of the dorsal striatum, rather than ventral domains of the striatum that are typically implicated in reward responses, showed altered dopamine transmission in the Mc4r KO mice. This potentially fascinating subdivision of the dorsal striatum, which appears to attribute valence to rewarding and aversive stimuli, fits with an emerging body of literature that implicates the dorsal striatum POMC-producing neurons in arcuate nucleus are activated by noxious stimuli. These neurons project to the striatum, where they activate D1R-expressing MSNs through MC4Rs. These D1R-expressing cells are likely those that project to the midbrain to inhibit dopamine neurons. In the absence of MC4R signaling, POMC neurons do not activate D1R-expressing MSNs in striatum. This results in disinhibited dopamine transmission and the formation of maladaptive positive associations between noxious stimuli and the environments in which they are encountered. DA, dopamine.
